Total heterogeneous nuclear RNA from HeLa cells infected with adenovirus for 18-20 hr stimulates amino acid incorporation into protein in a cell-free system from Ehrlich ascites tumors. This stimulation of protein synthesis by the nuclear RNA requires intact nuclei. The role of nuclei in this system is unknown, but evidence is presented that the nuclei are involved in the conversion of high-molecular-weight RNA to low-molecular-weight species. Some of the newly synthesized polypeptides appear to resemble the virion polypeptides.
In eukaryotic cells, the role of heterogeneous, high-molecularweight nuclear RNA (HnRNA) as a precursor to polysomal messenger RNA (mRNA) has been investigated intensively (1) (2) (3) (4) . It now appears that mRNA is generated by posttranscriptional cleavage of the HnRNA molecules (5) (6) (7) (8) (9) (10) . Presence of poly(adenylic acid) [poly(A)] sequences in both HnRNA and mRNA has further suggested that mRNA is derived by cleavage of HnRNA (7) (8) (9) . Apart from sequence similarities between HnRNA and mRNA and the presence of poly(A) sequences, there is little other evidence that HnRNA is a precursor to mRNA. An ideal way of examining this similarity would be to study the translational ability (messenger activity) of HnRNA in cell-free systems. Recently, two groups of researchers have reported the translations in vivo of mRNA sequences present in the HnRNA from mouse erythroblasts and mouse plastocytoma cells by micro-injection of the RNA in Xenopus oocytes (11, 12) . In this communication we describe a cell-free system from Ehrlich ascites tumors that incorporates amino acids and that is stimulated by addition of total HnRNA from HeLa cell nuclei infected with adenovirus type-2, but only in the presence of intact nuclei. Some of the polypeptides synthesized in vitro resemble virion polypeptides electrophoretically and immunologically. While this work was in progress, Carillo-Ruiz et al. (13) reported that polydisperse high-molecular-weight RNA of nucleated avian erythrocytes can direct the synthesis of globin in a cell-free system from Krebs II ascites cells.
MATERIALS AND METHODS
Cells and Virus. HeLa S-3 cells were grown in suspension cultures (14) . Growth of adenovirus type-2 in HeLa cells, purification of virus, and preparation of radioactively labeled virus by a published procedure (15) (17) . The cells were swollen in 2 mM potassium phosphate (pH 7.0) and 2 mM MgCl2 before they were homogenized. The protein concentration of the nuclear suspension was about 4.1 mg/ml (17, 18) . The total nuclear RNA containing poly(A) sequences was isolated from the detergent-washed nuclei of the virus-infected cells by a combination of two procedures (19, 20) . Details of RNA extraction have been de- scribed by Penman (19) . The following changes were made in the present study: (i) high salt buffer contained 500 mM KCl, 50 mM MgCl, and 10 mM Tris HCl (pH 9.0), (ii) DNase I (RNase free, Worthington) concentration was increased to 70,ug/ml, and (iii) RNA was precipitated with 150 mM potassium acetate and 2.5 volumes of ethanol, dissolved in water, and stored in liquid nitrogen. For preparation of radioactive total nuclear RNA, cultures were concentrated to about 1.6 X 107 cells per ml and labeled with [8] [9] [10] Immunoprecipitation. For this purpose the polypeptide prodnets from large scale incubations were made. The incubation mixture was chilled and centrifuged at 3000 rpm (5000 X g) for 10 min to remove the nuclei. Released polypeptides were separated from the postnuclear supernatant and processed for gel electrophoresis as described (16) . Polypeptides were precipitated with 5% CCl3COOH, washed with acetone, and dissolved in Na dodecyl sulfate (NaDodSO4), 1% 2-mercaptoethanol, and 100 mM sodium phosphate (pH 7.2) by heating at 9.0 for 4 min. Purified adenovirus proteins labeled with
[14C]aminoacids were solubilized in 1% 2-mercaptoethanol and 1% NaDodSO4 as above.
[3H]Uridine labeled total nuclear RNA from virus-infected HeLa cells was analyzed on 2.5 acrylamide gels containing 0.5% agarose (17) . Indirect coprecipitation was used for the immunoprecipitation assay (22) . Samples of the incubation contained, in a final volume of 0.4 ml, 0.1 ml of the proteins synthesized in vitro Qr 25 Mtl of [14C]aminoacid-labeled virion dissociated in 1% NaDodSO4, 0.01 ml of antiserum, and an aliquot of 20 mM sodium phosphate (pH 7.0) and 150 mM NaCl. The immunoprecipitate was dissolved in 0.5 M acetic acid and assayed for radioactivity. RESULTS
During late adenovirus infection (about 18 hr) 85-95% of the adenovirus genome is transcribed and virus-specific RNA is found in the host nucleus (23) . A substantial portion of the virus-specific RNA found in the heterogeneous RNA of the nucleus sediments faster than 32 S (24, 25) , which is considerably larger than the various classes of virus-specific mRNA (24, 26) . Competition hybridization experiments indicate that all viral mnRNA sequences isolated from polysomes are present in the viral HnRNA and 70-75% of viral HnRNA sequences are found in the cytoplasm both early and late after infection (25) . These facts suggested that HnRNA isolated after adenovirus infection could be used to direct protein synthesis in a cell-free system if proper processing took place.
Characteristics of Protein Synthesis Directed by Total Nuclear RNA. Table 1 shows the effect of total nuclear RNA isolated from HeLa cells 18-20 hr after adenovirus infection on the incorporation of [3H Ileucine and [5S]methionine in an ascites S-30 extract in the presence or absence of intact nuclei from the same infected HeLa cells. Total nuclear RNA, when added to the extract or to nuclei, did not stimulate leucine or methionine incorporation. When the nuclei and S-30 extract are incubated together without the nuclear RNA, the incorporation of leucine and methionine was somewhat higher than the sum of either alone. However, addition of total nuclear RNA and nuclei to the S-30 extract increased leucine and methionine incorporation 2-to 3-fold. The polypeptide products from the amino acid incorporation directed by nuclear RNA are found primarily in the supernatant outside the nuclei, and up to 75% of the radioactivity could be detected in the nascent peptides on polyribosomes (data not shown).
Leucine incorporation increased with increasing RNA concentration, and at 55,ug of RNA per assay, a 2.5-fold stimulation in leucine incorporation could be obtained ( (10 ,ug/ml) and DNase I (50 .g/ml) had no effect on the stimulation of leucine incorporation by nuclear RNA. Pancreatic RNase (30 /Ag/ml), puromycin (2 mM), and cyclohexamide (166 jug/ml), however, inhibited this stimulation more than 85%.
The Role of the Nuclei. Since stimulation of leucine incorporation directed by total nuclear RNA requires intact nuclei, an attempt was made to understand the role of nuclei in this system. Previous studies have shown that virus specific mRNAs (6-8 species ranging from 29 S and smaller) are derived by cleavage of the high-molecular-weight nuclear precursors larger than 28-32 S (24) (25) 27 ). An obvious possibility was that the nuclei were involved in this processing. To test this possibility, total nuclear RNA was isolated from 18-20 hr infected cells after labeling with uridine for 50 min (pulse-labeled RNA). In polyacrylamide gel electrophoresis, most of the pulse-labeled RNA migrated slower than 28 S (Fig. 2A) . About 12% of the RNA annealed with adenovirus DNA (data not shown). Incubation of this RNA with nuclei alone caused some conversion to smaller RNA species (Fig. 2B) , whereas the S-30 extract showed little activity (Fig. 2C) . However, when both the nuclei and S-30 extract were incubated with pulse-labeled RNA, there was Fig. 2 ) was incubated for 15 min at 370 in the standard incubation mixture containing amino acids and 110 mM KCL. The incubation mixture was chilled and centrifuged at 3000 rpm (5000 X g) for 10 min to separate the nuclei. The supernatant (500 ,sl) was layered on an 11.5-ml gradient of 7-30% sucrose with a 1-ml 50% sucrose cushion. The sucrose solution contained 20 mM Tris HC1 (pH 7.5), 40 mM KC1, and 6 mM magnesium acetate. Samples were centrifuged in a Spinco SW40 rotor for 1 hr 40 min at 37,000 rpm at 00. Fractions (25 drops each) were collected from the bottom of the tube for A2W measurement and cold CCl3COOH-precipitable radioactivity measurement on 300-/,l aliquots.
almost complete conversion to lower molecular weight species (Fig. 2D) . It was concluded that both the S-30 extract and nuclei were required to obtain a maximum effect. Evidence has also been obtained that the products of this reaction appear on polysomes. Incubation of the pulse-labeled RNA in Gel slices (1 mm) were processed and counted as in the legend of Fig. 2 . "IC-labeled virion polypeptides (0); 'H-labeled polypeptides synthesized in vitro (0). the protein-synthesizing system followed by sucrose density gradient analysis of the product (Fig. 3) revealed the presence of radioactivity in the polysome region (fractions 1-7) when both nuclei and 8-30 extract were present in the incubation (Fig. 3B ) as compared to incubations without nuclei (Fig.  3A) . Fig. 3C shows that puromycin inhibited by 70% the amount of radioactivity that could be detected in the polysome region, suggesting that the radioactivity was associated with polysomes. These experiments are consistent with the view that high-molecular-weight nuclear RNA is converted into smaller-molecular-weight species in the presence of both nuclei and S-30 extract. The RNA species formed are found on polysomes, suggesting that the nuclei are necessary for processing of the high-molecular-weight nuclear RNA.
The Nature of HnRNA-Directed Protein. Adenovirus mRNA of cells infected with virus for 18 hr has been translated in vitro, and 8-9 of the 10-12 mature virion polypeptides have been detected (28) . However, Anderson et only small amounts of polypeptide were synthesized, which migrated mostly as a low-molecular-weight component. However, in the presence of RNA (Fig. 4B) , the polypeptides synthesized were heterogeneous in size, ranging in molecular weight from 7500 to larger than 120,000. Some of these radioactive polypeptides migrated together with the virion polypeptides, and further characterization was sought by immunoprecipitation of the released polypeptides ( 
